In Exp. 1, 10 quiescent non-lactating tammars were exposed to 15L:9D (Days \p=n-\41to \p=n-\1), 24L:0D (Days 0 to 14), 15L:9D (Days 15 to 34) and then to ambient increasing daylength from 13L:11D on Day 35. From Days 0 to 22 they received a s.c. injection of melatonin (400 ng/kg, N = 5) or the arachis oil vehicle (N = 5) in the evening (19:30 h) 2\m=.\5h before dark. Exposure to 24L:0D abolished the nocturnal plasma melatonin rise but this was reinstated by subsequent exposure to 15L:9D. Of 5 melatonin-treated tammars, 4 gave birth on Day 45, so had failed to respond to the melatonin injection alone but reactivated when this was combined with the endogenous melatonin rise during exposure to 15L:9D. Of 5 control tammars, 4 remained quiescent until reactivated by the decrease in daylength to 13L:11D, and gave birth significantly later (Day 63\m=.\7\ m=+-\ 2\m=.\2, mean \m=+-\ s.e.m., P < 0\m=.\05). In Exp. 2, 6 tammars were exposed to 15L:9D (Days \p=n-\15to \p=n-\ 1) and then to 12L:12D (Days 0 to 15) by extending the dark phase by 3 h in the morning. This extended the nocturnal melatonin rise by 2\p=n-\3h in the morning and all 6 tammars gave birth on Day 31\m=.\2 \m=+-\ 1\m=.\0. A transient pulse of peripheral plasma prolactin (81\m=.\5 \m=+-\31\m=.\0 ng/ml) was detected at dawn during 15L:9D in all 6 tammars but was not observed in any of them 5 days after exposure to 12L:12D. Together these results do not support the time of day hypothesis but indicate that increase in duration of the nocturnal melatonin rise mediates the effects of decreased daylength on reactivation of the corpus luteum, and that the first detectable result of this may be the abolition of a transient prolactin pulse at the end of the dark phase.
Introduction
It is now clearly established that the pineal gland through its hormone, melatonin, mediates the effects of photoperiod on reproduction in several seasonally breeding mammals. There is a circadian rhythm in the synthesis and secretion of melatonin by the pineal, with a peak during the dark phase, and it has been suggested that different components of this nocturnal rise, such as amplitude, duration and phase, provide the photoperiodic information (see Lincoln, Almeida & Arendt, 1981; Goldman & Darrow, 1983; Karsch et al, 1984; Tamarkin, Baird & Almeida, 1985) .
In some species of mammal, such as the Syrian hamster (Tamarkin, Westrom, Hamill & Goldman, 1976 ; Stetson & Tay, 1983) and the white-footed mouse (Margolis & Lynch, 1981) the response is thought to be due to exposure to melatonin during a sensitive phase each 24-h period, because the photoperiod response can be mimicked by exposure to melatonin at a particular time of day. For other species, such as the sheep and Djungarian hamster, the total duration of elevated melatonin »Present address: Division of Animal Production, CSIRO, P.O. Box 239, Blacktown, New South Wales, 2148, Australia. concentration experienced each day is the critical factor Goldman, Darrow & Yogev, 1984) . In pinealectomized sheep and Djungarian hamsters daily infusions of melatonin for periods equivalent to the dark phases of long or short photoperiods elicit the same reproductive responses as in pineal-intact animals exposed to these photoperiods alone (Carter & Goldman, 1983a, b; Bittman, Dempsey & Karsh, 1983; Yellon et al, 1985) .
The tammar wallaby, Macropus eugenii, a marsupial that lives in temperate zones of Australia, has a marked seasonal breeding pattern with the majority of females giving birth 6 weeks after the austral summer solstice. The seasonality is controlled by an unusual mechanism which involves the tonic inhibition by the pituitary of the corpus luteum (CL) of post-partum ovulation and of the associated embryo for up to 11 months (Berger, 1966) . Prolactin has been suggested as the agent of pituitary inhibition (Tyndale-Biscoe & Hawkins, 1977) , acting directly on the CL (Sernia & Tyndale-Biscoe, 1979) , but the changes in peripheral plasma concentrations of prolactin that are predicted by this hypothesis have not so far been demonstrated (Hinds & den Ottolander, 1983;  Tyndale-Biscoe & Hinds, 1984) .
Environmental factors are also involved; during the period of declining daylength the sucking stimulus of the pouch young is the proximate factor and this condition is termed lactational quiesc¬ ence. During this period removal of the pouch young results in birth 26-27 days later (Merchant, 1979) . After the winter solstice removal of the pouch young does not lead to reactivation. The proximate factor is a component of increasing daylength and this condition is termed seasonal quiescence. Reactivation of the CL and blastocyst occurs naturally after the summer solstice in December. Reactivation has been induced experimentally before this time by a decrease in daylength of 3 h from 15L:9D to 12LT2D (Sadleir & Tyndale-Biscoe, 1977; Hinds & den Ottolander, 1983) , when birth and post-partum oestrus occurred 32-33 days later. This is 6 days longer than the interval from removing the pouch young during lactational quiescence (Merchant, 1979) and it was suggested that the longer interval might reflect the time required for the nocturnal elevation of plasma melatonin to respond to the longer dark period. However, McConnell & Tyndale-Biscoe (1985) demonstrated that the daily plasma melatonin profile changed rapidly in response to this photoperiod change, even though birth occurred 32 + 0-4 days later. The same response was observed when tammars, exposed to the inhibitory photoperiod of 15L:9D, were given melatonin at 19:30 h, 2-5 h before lights off, thus extending the total duration of elevated melatonin concen¬ tration to about 11-5 h. These results showed that elevated melatonin provides a potent signal in the tammar's response to photoperiod but they did not resolve whether the signal was the exposure to melatonin at a sensitive period in the evening or was because the exogenous and endogenous melatonin were summated and interpreted as an increase in the total duration of the nocturnal elevation of melatonin. The present study was designed to discriminate between these alternatives by testing the response of tammars to evening melatonin injections alone, or to an extension of the endogenous nocturnal melatonin rise by prolonging the dark phase in the morning instead of the evening.
We also report the first evidence for the way in which prolactin may play its part in the sequence from photoperiod change to reactivation of the CL.
Materials and Methods

Animals
Post-lactating tammars were taken from the colony maintained at the Division of Wildlife and Rangelands Research, Canberra, in August (Exp. 1) or November (Exp. 2), during the period of increasing daylength, when they were in seasonal quiescence. Throughout the study they were maintained on a diet of pelleted lucerne chaff and oats, supplemented with fresh carrots and apples, and water ad libitum. Experiment 1. Ten tammars were housed in 3 pens (each 1-8 1-85 m) under controlled temperature (24 + 2°C) and illumination. Light was provided by four Osram Daylight fluorescent tubes which provided 4325 cd m-2 in the pens. A 15-W red pilot lamp provided low illumination during the dark phases. All the tammars were first exposed to an inhibitory photoperiod of 15 h light:9 h dark (15L:9D) for 6 weeks (Days -41 to -1). On Day 0 they were exposed to continuous light (24L:0D) for 14 days to abolish the endogenous melatonin rise, and then returned to 15L:9D (Days 15-34). During the first and last periods the lights went on at 07:00 h each day. On Day 35 all the tammars were returned to outside pens which were about 13L:1 ID and thereafter experienced ambient increasing daylength and temperature (Fig. 2a ). The tammars were randomly assigned to one of two groups and from Days 0 to 22 at 19:30 h the melatonin-treated group (N = 5) received a daily subcutaneous injection of melatonin (Sigma Chemical Co., St Louis, MO, U.S.A., 400 ng/kg body weight) in arachis oil, and the control group (N = 5) received the arachis oil alone. Sexually mature males were run with the females from Day -15 to Day -1 and then continuously from Day 26. The females were checked for a new young in the pouch and a copulatory plug in the uro¬ genital sinus, indicative of oestrus, every 1-3 days from Day -14 to Day -2 and then daily from Day 27. Experiment 2. Six tammars were exposed to a photoregimen of 15L:9D (Days -15 to -1) then 12LT2D (Days 0 to 15) ( Fig. 2b ). The lights were turned off at 22:00 h each day so that during the second photoperiod they experienced an extension of the dark phase by 3 h in the morning, in¬ stead of the evening as in the previously published experiments of Hinds & den Ottolander (1983) and McConnell & Tyndale-Biscoe (1985) . On Day 25 they were returned to outside pens with sexually mature males and daily checks for birth and oestrus began on Day 26. Blood samples. Blood samples (2-5 ml) were obtained from the lateral tail vein of the tammars as previously described (McConnell & Tyndale-Biscoe, 1985) . In Exp. 1 samples were taken for plasma melatonin at intervals of 2-7 h for up to 22 h under each of the photoperiods on Day 14 (24L:0D) and Day 22 (15L:9D). In Exp. 2 samples for melatonin and prolactin were taken at intervals of 1-3-5 h for 20 h during each of the photoperiods on Day -4 (15L:9D) and Day 5 (12L: 12D). For each sample the tammars were caught and restrained briefly in hessian sacks before being released. Aliquants of plasma were stored separately at -20°C for the assay of each hormone.
Hormone assays
Prolactin. The concentration of prolactin in plasma was determined using the heterologous radioimmunoassay of McNeilly & Friesen (1978) validated for the tammar by Hinds & Tyndale-Biscoe (1982) . The antiserum (33/1-8) was raised against human prolactin in a guinea-pig by Dr A. S. McNeilly, Edinburgh, and the standard was ovine prolactin, NIH-P-S12. The sensitivity of the assay was 2 ng/ml and intra-and inter-assay coefficients of variation were 8 and 12% respectively. The recovery of a range of concentrations of prolactin added to tammar plasma closely correlated with the actual amount added (r = 0-998, < 0-001) and was always within 12% of the expected value. All samples from individual animals were analysed within one assay.
Direct radioimmunoassay for melatonin. Melatonin was measured using a modification of the radioimmunoassay of Kennaway, Gilmore & Seamark (1982a) which has been previously validated for the tammar (McConnell & Tyndale-Biscoe, 1985) . The source and cross-reactivities of the antiserum (G 280) have already been described (Kennaway et al, 1982a) . In this study melatonin was measured directly in plasma; deletion of the solvent extraction step allowed for a more rapid assay and enabled the volume of plasma used to be halved. These modifications are of considerable advantage when multiple sequential samples must be taken (see Webley, Mehl & Willey, 1985) . However, haemolysis in samples and plasma effects of individual tammars did interfere, and additional control steps were required. The modified assay procedure is outlined below.
Aliquants of 500 µ plasma (in duplicate) were taken for each sample. Each tube received 500 µ buffer (BSA-P04, pH 7-4), µ [3H]melatonin (sp. act. 30-4 Ci/mmol, 10 000 c.p.m.: New England Nuclear Corp., Boston, MA, U.S.A.) and 100 µ antiserum (1:5000). After incubation ( > 4 h) at 4°C the bound and unbound radioligand were separated by the addition of 200 µ dextran-coated charcoal solution (0-625%) for 30 min and then centrifuged. Aliquants (1 ml) of the supernatant were taken for determination of the radioactivity in a liquid scintillation counter. A series of melatonin standards (0-1000 pg in triplicate) in buffer was treated similarly.
At a final dilution of 1:60 000 the antiserum bound 30% of the [3H]melatonin. Sensitivity of the assay (lowest standard displaced more than 2 standard deviations from the zero standard) was 7-8 pg/tube. Non-specific binding in buffer was 10 + 0-2% (mean + s.e.m., = 3) and in plasma 21 + 0-1% (n = 10). The intra-and inter-assay coefficients of variation were 8-4 and 17-9% respectively, determined from samples of a common plasma pool ( a¡ 80 pg/ml) in 6 assays.
After correction for the plasma effect (see below), all tubes were expressed as LOGIT and the melatonin concentrations in the plasma samples were determined by reference to the standard curve.
Parallelism of dose-response curves and plasma effects. Two series of melatonin standards (7-8-500 pg) in triplicate were set up in assay buffer, or in plasma from a pinealectomized tammar and buffer (1:1). Aliquants (200-1000 µ ) of plasma were taken from a pinealectomized tammar, and from an intact tammar during the night, and from the supernatant of a tammar pineal homo¬ genized in buffer, and each was made up to volume (1000 µ ) with buffer. All were assayed directly as described and the displacement curves obtained from the pinealectomized plasma with melato¬ nin standards, night-time plasma and pineal gland extract were parallel to the buffer standard curve Volume (x 100 µ /tube) Melatonin standard (pg/tube) Fig. 1 . The dose-response curves for melatonin added to assay buffer (·), pinealectomized tammar plasma (O), dilutions of an homogenate of tammar pineal gland ( ), plasma taken from an intact tammar during the night ( ) and plasma from a pinealectomized tammar (D). Interval to birth/oestrus after photoperiod change to:
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Oct. Nov. Dec. Fig. 2 . The protocols and results of Exps 1 & 2. In Exp. 1 (a), non-lactating quiescent tammars were exposed to a photoregimen of 15L:9D, 24L:0D, 15L:9D then 13L:11D. Each day from Day 0 to 22 they received an injection of melatonin (400 ng/kg body weight) or the oil vehicle in the evening (j). Birth and/or oestrus is indicated for each melatonin-treated ( ) and oil-treated (7) tammar. In Exp. 2 (b), a separate group of non-lactating quiescent tammars were exposed to a photoregimen of 15L:9D then 12L:12D by extending the dark phase in the morning. The resulting birth and/or oestrus are indicated (V).
( Fig. 1) . These results demonstrate that the melatonin standard and the endogenous hormone in the plasma and buffer medium behaved identically in the assay, and that factors in tammar plasma did not affect the dose-response. However, the binding of the radioligand in the absence of melatonin standard (B/B0) was highly variable in the plasma of individual tammars. Expressing B0 of buffer as 100%, the B0 of plasma:buffer (1:1), using the plasma of individual tammars, ranged from 98-8 to 116-3% (107-8 ± 61, mean + s.d., « = 11). The plasma effect for each tammar was calculated using its own charcoal-stripped plasma and was corrected for before determining the melatonin concentrations. The plasma was stripped by adding 200 µ 0-625% dextran-coated charcoal to 1200 µ plasma and incubating for 30 min at room temperature. No displacement of the radioligand occurred after the addition of increasing volumes of pinealectomized tammar plasma to the buffer (Fig. 1 ), so we conclude that the endogenous hormone being measured in the assay is of pineal origin. The effect of haemolysis of plasma samples was assessed by the addition of radioligand to normal and haemolysed plasma obtained from the same blood pool. Haemolysis was achieved by physical damage to the erythrocytes. From each plasma sample, 1 ml in duplicate, containing » 10 000 c.p.m. [3H]melatonin, was added to 10 ml scintilation fluid. The radioactivity in the haem¬ olysed plasma was calculated as 77% ofthat in the normal plasma and so to avoid overestimation of the melatonin concentration haemolysed samples were excluded.
Recovery of exogenous melatonin. The recovery of exogenous melatonin from tammar plasma was determined by the addition of melatonin standards (4-1000 pg/ml) in triplicate to 500 µ aliquants of plasma from a pinealectomized tammar or to buffer. All tubes received another 500 µ buffer and were assayed as described. After correcting for the plasma effect the amount of melato¬ nin added to the plasma was determined by reference to the buffer standards. The regression equation for melatonin added (x) plotted against melatonin measured (y) was y = 0-99x -3-53 with r = 0-997. These results show that the assay was able to measure accurately the melatonin concentrations in a plasma medium. Fig. 3 . Plasma melatonin concentrations (mean ± s.e.m.) of tammars in Exp. 1 during exposure to 24L:0D (a, b) and subsequently to 15L:9D (c). The tammars were injected with 400 ng melatonin/kg (·) or the arachis oil vehicle (O) at 19:30 h (î).
Results
Experiment 1
Of the 5 tammars in the control group one gave birth on Day 37 and 4 gave birth or came into oestrus between Days 61 and 68 (63 + 1-7, mean + s.e.m.), 28 days after the change from 15L:9D to 13LT1D (Table 1 ). In the melatonin-treated group, however, 4 tammars gave birth and showed oestrus on Day 45, or 30 days after the change from 24L:0D to 15L:9D (Table 1, Fig. 2a ), while the 5th failed to give birth or display oestrus during the experiment. These intervals to birth/oestrus from the start of injections were significantly different between the two groups (P < 0005, Student's t test, Table 1 ). However, the intervals from the decrease in photoperiod were not significantly different (P > 005, Table 1 ). 
Experiment 2
All 6 tammars gave birth 31-2 + 1-0 days after the photoperiod change from 15L:9D to 12LT2D (Fig. 2b) . This interval is not significantly different (P > 0-05) from that reported by McConnell & Tyndale-Biscoe (1985) for tammars that had experienced the same decrease in daylength, but by extending the dark phase in the evening rather than in the morning.
Hormone concentrations in peripheralplasma Experiment 1. Exposure to 24L:0D abolished the nocturnal melatonin rise. In the melatonininjected group a pulse of melatonin at a physiological concentration (46-4 + 4-78 pg/ml, mean + s.e.m.) was detected 1-5 h after the injection at 21:00 h (Fig. 3b ) but this was absent in the oil-injected tammars (Fig. 3a ). After the change from 24L:0D to 15L:9D, increased melatonin concentrations coincident with the dark phase were detected in both groups (56-4 ± 8-5 pg/ml to 83-6+ 14-7 pg/ml). At 21:00 h melatonin was still detectable in the melatonin-injected group (30-5 + 6-4 pg/ml, but was undetectable ( < 16 pg/ml) in the oil-injected group (Fig. 3c ). Experiment 2. Plasma melatonin concentrations were elevated during the dark phases of each photoperiod, ranging from 220 + 5-2 to 45-7 + 19-7 pg/ml (Fig. 4 ). Under 15L:9D the melatonin concentrations had declined to undetectable levels (< 16 pg/ml) within 1 h (08:00 h) of lights on in all 6 tammars and remained so (Fig. 4a ). By 5 days after the change to 12L : 12D, however, the concentrations at 08:00 h and 09:00 h remained elevated (43-3 + 18-6 and 45-7 + 19-7 pg/ml), coincident with the extended dark phase, before declining to undetectable values at 11:00 h, 1 h after lights on (Fig. 4b ). There was no change in the amplitude of the nocturnal melatonin rise or its phase, relative to the light/dark cycle, after the change to 12L:12D.
Under the 15L:9D photoperiod, plasma prolactin concentrations remained below 20 ng/ml, except at 1 h before and 1 h after the onset of the light phase, when a pulse was detected, which reached a peak of 81 -5 + 310 ng/ml (Fig. 4a ). By 5 days after the change to 12L: 12D, however, this pulse was absent in all 6 tammars and the concentrations at all time points were < 20 ng/ml (Fig. 4b ).
Discussion
The direct assay of melatonin in plasma was validated by demonstrating the abolition of the nocturnal melatonin rise in tammars exposed to constant light (Fig. 3a ) and by the detection of a pulse of melatonin in peripheral plasma after subcutaneous injection of melatonin (Fig. 3b ). Highest melatonin concentrations during the dark phase of the daily light/dark cycle were similar to those reported previously for the tammar in two separate assays that utilized extraction procedures (Renfree, Lincoln, Almeida & Short, 1981; McConnell & Tyndale-Biscoe, 1985; McConnell & Hinds, 1985) , providing further validation for the direct assay method.
The results of both experiments reported here support the hypothesis that tammars respond to a change in the total duration of melatonin rather than to elevated melatonin at a particular time of the day. In the study of McConnell & Tyndale-Biscoe (1985) exposure to 15L:9D alone was inhibi¬ tory but tammars responded promptly in this photoperiod when also given exogenous melatonin at 19:30 h. In Exp. 1 the endogenous melatonin rise was abolished by constant light and, although a rise in melatonin was reinstated after the change to 15L:9D, it alone cannot have been the signal for reactivation as it did not lead to reactivation in the control group. In the melatonin-treated tammars, however, the injections resulted in a pulse of melatonin before the onset of the dark phase (Fig. 3c ), and although the tammars had been injected for 15 days before exposure to 15L:9D (Fig.  3b) , they had failed to respond to this treatment alone. Therefore, exposure to melatonin during the period 2-5 h before dark is not by itself a sufficient stimulus to initiate reactivation and the sensitive period hypothesis is not sustained. Similarly, in Exp. 2 an extension of the dark phase by 3 h in the morning was as effective for reactivation in the tammars as was an extension of 3 h in the evening (McConnell & Tyndale-Biscoe, 1985) , because in both experiments birth occurred 30-33 days later. The response in the melatonin profile was also similar after each photoperiod change, so it is prob¬ able thatjhe same component of the melatonin profile transduced the photoperiodic signal. As there was no change in the amplitude or the phase of the melatonin rise in either experiment the stimulatory component was probably the increase in duration of elevated melatonin during the longer dark phase.
The results of the present study also support the suggestion of McConnell & Tyndale-Biscoe (1985) that it is not duration alone but a change in the melatonin profile, relative to a previously experienced profile, that provides the stimulatory signal for the tammar. If the pulse of melatonin, resulting from the melatonin injection in Exp. 1, was interpreted by the tammars as an ultra-short night, then the longer endogenous profile of 15L:9D which followed may have been interpreted as a change in the duration of the melatonin profile. Conversely, the control group in Exp. 1 may not have been able to detect the new 15L:9D profile as a change because they had no reference point, i.e. an exogenous melatonin pulse, with which to make a comparison. However, another interpre¬ tation of these results is that the tammar responds to a minimum duration of elevated melatonin as has been demonstrated for the Djungarian hamster. In pinealectomized hamsters subcutaneous infusions of melatonin induced testicular regression only if the duration of infusion exceeded a criti¬ cal length of 8 h (Carter & Goldman, 1983a) . Similarly, in the tammar, exposure to melatonin for a continuous period longer than 9 h per day may be required to elicit reactivation, since tammars have only been observed to respond to an increase in the dark phase from 15L:9D to 13L:1 ID, or from 15L:9D to 12LT2D, or from melatonin injections 2-5 h before dark given to tammars main¬ tained in 15L:9D. Duration of elevated melatonin alone is not, however, a sufficient stimulus to reactivation since tammars do not reactivate at or soon after the winter solstice when the duration of elevated melatonin exceeds 9 h (McConnell & Tyndale-Biscoe, 1985) . While a refractory period after the winter solstice cannot be ruled out, an alternative hypothesis is that such tammars fail to reactivate because they no longer perceive an increase in the duration of elevated melatonin at this time.
We therefore conclude that reactivation in the tammar, in response to decreased photoperiod, is effected by a change in duration of the nocturnal melatonin rise to more than 9 h. This conclusion may also explain how continuously available melatonin mimics the effects of decreased daylength; subcutaneous implants of melatonin induced reactivation in seasonally quiescent tammars (Renfree & Short, 1984) and Bennett's wallabies, M. rufogriseus (Loudon, Curlewis & English, 1985) within 3 and 12 days respectively. In both studies the wallabies were implanted during long daylengths, about 1 month before the summer solstice, when they could be expected to have a short period of melatonin secretion coincident with the short nights. Implants raise the circulating con¬ centrations of melatonin during the daytime (Kennaway, Gilmore & Seamark, 1982b; Loudon et al, 1985) and so in combination with the endogenous rise this could be interpreted as an increase in duration of the melatonin profile.
In the tammar the stimulatory effects of melatonin on the CL may be due to its effects on pro¬ lactin release by the pituitary, as hypophysectomy will also reactivate the CL (Hearn, 1973 (Hearn, , 1974 and daily injections of ovine prolactin after hypophysectomy will delay reactivation for the duration of the treatment (Tyndale-Biscoe & Hawkins, 1977) . Although a decrease in daylength from 15L:9D to 12LT2D reduced peripheral plasma prolactin concentrations to basal levels within 14 days (Hinds & den Ottolander, 1983) , its importance in reactivation is unclear, since the CL is already reactivated within 9 days of the photoperiod change, and prolactin levels remained unchanged in tammars reactivated during exposure to gradual decreasing photoperiod or 9L: 15D (Hinds & den Ottolander, 1983) . In Exp. 2 the circadian plasma prolactin profile was measured at the same time as melatonin before and after the decrease in daylength from 15L:9D to 12L:12D. Before the change there was a distinct short pulse of prolactin beginning 1 h before lights on, but 5 days after the change to 12LT2D, it was absent. As the events leading to reactivation of the CL must occur within about 6 days of the decrease in daylength, abolition of this dawn prolactin pulse by Day 5 may be associated with reactivation. This may account for the paradox that prolactin injections given after removal of the pouch young or after hypophysectomy inhibited reactivation, even though basal concentrations in intact animals showed no change. However, further work will be required to determine the importance of the transient pulse of prolactin in the inhibition of the CL.
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